INTRODUCTION
The cellulase system of Trichoderma reesei has been extensively studied (e.g. [1, 2] ). Its-main components are two cellobiohydrolases (EC 3.2.1.91) (CBH I, CBH II), three endoglucanases (EC 3.2.1.4) (EG I, EG III and 'low-molecular-mass EG') and one ,8-D-glucosidase (EC 3.2.1.21). Usually, culture filtrates present more complicated compositions, mainly due to proteolysis [3, 4] , aggregation [5] and most probably other post-translational modifications. of the gene products, such as deamidation or glycosylation.
The gene for EG III (named egl3) was cloned and sequenced some years ago [6] . At this time a purification method for the enzyme and a preliminary characterization were also reported.
As for many other fl-glycanases, two domains can be observed [7] : a catalytic core protein is linked by an O-glycosylated sequence to a cellulose-binding domain. The catalytic domain of EG III was isolated from the culture filtrate of T. reesei [3] . It was classified as a family A cellulase [8] . The cellulose-binding domain is typically conserved in all T. reesei cellulases and in EG III it is located in the N-terminal region as in CBH II [9] .
Extensive information on the substrate specificity and action modes of the other principal components of the T. reesei cellulase system has been obtained in previous investigations [10, 11] . The present study intends to enlarge our knowledge of EG III purified to apparent homogeneity by a new method. The data reported are interpreted in terms of a binding model, postulating five subsites and a lysozyme-like catalytic mechanism, involving two essential carboxy groups. cellotrioside hydrolysis indicates the presence of a protonated group with a pK 5.5 in the reaction mechanism, and the possible involvement of a carboxy group is corroborated by a temperature study (AHion =-15.9 J/mol). This, together with independent evidence from affinity-labelling experiments [Tomme, Macarron and Claeyssens (1991) EXPERIMENTAL Materials DEAE-Sepharose CL-6B was from Pharmacia (Uppsala, Sweden). Ultrogel AcA-44 was purchased from LKB (Bromma, Sweden). CM-cellulose (medium viscosity, degree of substitution 0.8) was from Fluka (Buchs, Switzerland) and microcrystalline cellulose (Avicel PH 101) from FMC Corp. (Philadelphia, PA, U.S.A.). Chromophoric substrates were synthesized as previously described [12] . Cello-oligosaccharides were prepared conventionally [13] . Methyl ,-glycosides were obtained by classical synthesis [14] . Purities of all compounds were checked by h.p.l.c. (see below) and t.l.c. (silica; ethyl acetate/acetic acid/water, 3:3: 1 by vol.). Data obtained for their physical properties (melting points, specific rotations, proton n.m.r., chemical shifts and coupling constants) agree with published values [14, 15] .
All other reagents were analytical grade.
Enzyme purification T. reesei QM 9414 was grown in wheat straw as previously described [16] . The culture supernatant was precipitated with (NH4)2SO4 (20-60 % saturation) at 4 'C. After centrifugation (12000 g, 15 min), the precipitate was desalted, lyophilized and loaded on to a DEAE-Sepharose CL-6B column (2.6 cm x 42 cm) equilibrated in 5 mM sodium phosphate, pH 7.0. Elution was carried out successively with 500 ml of this buffer, 250 ml of a linear NaCl gradient (0-500 mM) in the same buffer and 250 ml of buffer containing 500 mM NaCl. Flow rate was 60 ml/h and 6 ml fractions were collected and analysed for CM-cellulase and Fractions containing EG III were pooled and concentrated (3 ml) by diafiltration (Diaflo PM-10 membrane; Amicon, Lexington, MA, U.S.A.) and applied to an Ultrogel AcA-44 column (1.6 cm x 95 cm) equilibrated with imidazole/HCl (8 mM, pH 6.5). Elution was at a rate of 10 ml/h and 2 ml fractions were collected. Molecular-mass standards used to calibrate the column were BSA (67 kDa), ovalbumin (45 kDa), soyabean trypsin inhibitor (20.1 kDa) and cytochrome c (12.3 kDa). Fractions containing CM-cellulose activity were pooled and applied to a DEAE-Sepharose CL-6B column (1.6 cm x 45 cm) equilibrated with imidazole/HCl (8 mM, pH 6.5). The column was washed with 50 ml of buffer before elution with a linear gradient of 0-300 mM NaCl (200 ml) in the equilibration buffer, at a flow rate of 30 ml/h. Fractions (3 ml) were collected and assayed for CM-cellulase activity.
All buffers contained 0.2 g/l sodium azide to avoid microbial contamination.
Analytical methods
Reducing sugars were determined with the 3,5-dinitrosalicylic acid reagent [17] Analytical isoelectric focusing (IEF) was performed using Ampholine PAG plates (pH range 3.5-9.5) from Pharmacia as described by the manufacturer. EG III active fractions were revealed by flooding the gel with MeUmb(Glc)3 as described [6] , before staining with Coomassie Blue.
The pH titration curve was obtained using Pharmacia Phast System precast IEF gels (pH range 3.5-9.5) as described by the manufacturer.
Activity on chromophoric substrates
Enzymic release of the chromophoric moiety [2-chloro-4-nitrophenol (CNP) or MeUmb] from CNP(Glc)3 or MeUmb(Glc)3 was measured spectrophotometrically or fluorimetrically as previously described [12] . MeUmb(Glc)3 activity was routinely assayed by incubating EG III (50 nM) with the substrate (100 ,1M) in sodium acetate buffer (0.1 M, pH 5.0) at 25°C for 10 min.
The hydrolysis of chromophoric substrates was also monitored by h.p.l.c. as described [20] . The assays were carried out at 25°C and pH 5.0 (pyridine/acetic acid buffer, 10 Activity on cellulose substrates CM-cellulose activity was measured as previously described [16] except that 0.1 M sodium acetate, pH 5.0, was used as buffer.
For the determination of kinetic constants, EG III (60 nM) was incubated at 30 'C with various concentrations of CM-cellulose (2-20 mg/ml) in the latter buffer. After 2, 4, 6, 8 and 10 min, samples were withdrawn and analysed for reducing sugar concentration. Km and kcat values were determined by fitting initialvelocity data to the Hanes equation [22] . Avicelase activity was assayed as described [23] , except that the incubation temperature was 50 'C. Adsorption experiments were performed as described [24] . Reaction products from Avicel (10 mg/ml in 0.1 M sodium acetate, pH 5.0) obtained by EG III (8 ,M)-catalysed hydrolysis at 37 'C were monitored by h.p.l.c. as described above. The samples withdrawn at different times were concentrated by lyophilization before injection.
RESULTS

Purfficatlon of endoglucanase III
The fractionation procedure and the resulting purification and yields are summarized in Table 1 .
As reported earlier [25] , fi-D-glucosidase active fractions (not shown) are eluted in the flowthrough peak during the first chromatographic step on DEAE-Sepharose CL-6B. CM-cellulase fractions are eluted isocratically in two peaks (Figure 1 a) , one corresponding to a low-molecular-mass endoglucanase [26] and the other to the endoglucanase under study. The other cellulase components (CBH II, CBH I and EG I) are successively displaced by the NaCl gradient. The EG III fraction was clearly still heterogeneous (SDS/PAGE analysis not shown) and was further purified by gel filtration ( Figure Ib , Table 1 ). The resulting preparation, homogeneous when analysed by SDS/PAGE, showed two bands when electrofocused (Figure 2a) , both active against the chromophoric substrate MeUmb(Glc)3 (Figure 2b ). The higher-pI protein was identified as intact EG III, whereas the lower-pI component corresponds to the 'Al: 2' fraction previously described [3] and probably represents a deamidated form of EG III. The two isoforms were separated by an additional DEAE-Sepharose CL-6B chromatography at pH 6.5 ( Figure Ic) . The resulting EG III preparation (purification factor approx. 13, yield 7 % oftotal CM-cellulase activity in the culture supernatant) was homogeneous by SDS/PAGE and IEF/PAGE (Figure 2a) .
Properties of the enzyme
Molecular mass as determined by gel filtration was 50 kDa, acetate/50 mM sodium phosphate). The ionic strength was kept whereas SDS/PAGE yielded a value of 48 kDa. The latter value is identical with that previously reported [6] . The identity of this endoglucanase with the egl3 gene product [6] was confirmed by peptide mapping with CNBr and sequencing of tryptic fragments (not shown). The isoelectric point of EG III was estimated as 5.1 and differs slightly from the value reported earlier [6] . EG III exhibits a low net charge at pH values above its pl, as can be observed in the pH titration curve (Figure 3) .
EG III was stable in the pH range 3.0-8.0 at 30 'C, but only between pH 4.0 and 6.3 at 55 'C. At pH 5.0 the enzyme was inactivated at temperatures higher than 60 'C, although it retained 90 % of its activity when incubated for 30 min at 65°C.
For MeUmb(Glc)3, CNP(Glc)3 and cellotriose, maximal activity was in the broad pH range 4.0-5.0. Only CM-cellulase activity showed a distinct behaviour, with a punctual maximum at pH 4.8, and this is probably due to the ionic nature of CMcellulose.
Activity on chromophoric substrates
As pointed out in previous work [6, 20] , EG III is the only cellulase from T. reesei that hydrolyses MeUmb(Glc)3 at the heterosidic bond, and the fluorescent phenol (MeUmb) liberated is particularly suited for sensitive assay. Alternatively, CNP(Glc)3 can be used in a continuous colorimetric method since the chromophore released (CNP) exhibits a convenient pKa value [6] .
Lane numbers as in (a).
cellotriose and methyl f,-cellobioside/cellobiose were independent of the substrate used and constant: 0.42+0.03. This is sufficient evidence for the presence of a common glycosyl intermediate [27] . Neither reaction rates nor Km values for MeUmb(Glc)3 hydrolysis were affected by the presence of the alcohol, whereas a twofold increase in CNP release and an unchanged rate of CNPGlc formation from CNP(Glc)3 were observed. However, Km values for both catalytic pathways remained constant. These findings are consistent with a difference in rate-limiting step [27] , namely deglycosylation in the case of cleavage at the CNP bond and formation of the glycosyl intermediates in all other cases. Some data concerning the EG III-catalysed hydrolysis of methylumbelliferyl derivatives of higher cello-oligosaccharides are included in Figure 4 . Product inhibition undoubtedly influences the kinetic parameters of these substrates since the cello-oligosaccharides released are good substrates for the enzymes.
The hydrolysis patterns were not affected by changing the pH. (5.5) for activity measurements at slightly acidic or neutral pH [12] .
In fact, h.p.l.c. analysis proves that EG III catalyses the hydrolysis of these chromophoric substrates at both the holosidic and heterosidic bonds (Figure 4) . A possible analysis of the complex kinetics is proposed in the Appendix and the results of activity measurements by h.p.l.c. analysis are presented in Figure  4 . The apparent kinetic constants indicate a preference for cleavage at the heterosidic bond in MeUmb(Glc)3, in contrast with the CNP derivative where the holosidic bond is preferentially attacked. This could indicate different binding affinities (K.) of these substrates for the enzyme's active (sub)site(s) (see below).
Mixtures of methyl ,-glycosides and reducing sugars were obtained as reaction products for both chromophoric substrates in partition experiments using methanol (2.5 M) as nucleophile in competition with water. The ratios of methyl /?-cellotrioside/ Activity on cello-oligosaccharides EG II-catalysed hydrolysis patterns of unsubstituted cellooligosaccharides are illustrated in Figure 6 . The higher sensitivity limit set by the detection method (refractive index) allowed only apparent rates of substrate depletion to be obtained at high initial substrate concentrations () 10 mM). Approximate kcat values are given ( Figure 6 ). In the case of cellobiose and cellotriose, D-glucose could be determined enzymically (D-glucose oxidase/peroxidase) and more accurate parameters could be calculated ( Figure 6 ).
No evidence (h.p.l.c.) was obtained for transglycosidation (self-transfer with formation of higher oligomers) even after prolonged incubations at high substrate concentrations.
However, as with the chromophoric substrates, transfer reactions were observed when methanol was added to the reaction mixture of cellodextrins and EG III. The formation of methyl pglycosides could unequivocably be demonstrated (h.p.l.c.), allowing unambiguous identification of cleavage sites. The hydrolysis rates were not accelerated in the presence of methanol, showing that glycosylation is the rate-limiting step in these reactions.
Cellobiose was slowly hydrolysed by EG III and a possible involvement of a contaminating f-D-glucosidase was discounted since specific inhibitors (e.g. 6-gluconolactone) had no effect. Whereas D-glucose concentrations up to 200 mM had no effect, 50 mM cellobiose reduced the hydrolysis rates of the chromophoric substrates MeUmb(Glc)3 (100 #uM) or CNP(Glc)3 (500 ,uM) by 10 substrate is not suitable for kinetic studies since the dilution curve (activity versus enzyme concentration) is non-linear. Although the enzyme adsorbs strongly to Avicel (binding capacity = 0.2 ,umol of protein/g of Avicel), this substrate is only slightly hydrolysed, probably at amorphous regions.
Only D-glucose and cellobiose were detected as products from Avicel hydrolysis. After 1 h of incubation at 37°C, pH 5.0 (EG III 8 ,uM; Avicel 10 mg/ml), 0.1 mM D-glucose and 0.2 mM cellobiose were formed; the concentrations found after 22 h of incubation were 0.5 mM and 0.3 mM respectively. These sugars could be either primary reaction products or formed from longer cellodextrins released immediately.
DISCUSSION
Several purification procedures for Trichoderma cellulases have been described (e.g. [23, 29, 30] ). The modified DEAE-Sepharose chromatographic steps presented in this study improve considerably the fractionation of the complex mixture and the isolation of pure EG III isoenzyme components. Incidentally, it is also shown that the composition of the cellulase system is independent of the carbon source used for fungal growth, as already suggested for the endoglucanase components [5] . Growth conditions and culture aging, however, could influence the formation of isocomponents or proteolysis products. Thus, under the conditions described in this work, no evidence for EG III core protein formation was found, in contrast with the situation described earlier [3] . The final EG III preparation corresponding to the intact enzyme [6] is purified to apparent homogeneity and represents 0.5 % of the initial protein content of the culture supernatant. Its particular behaviour on DEAE-Sepharose chromatography suggests that the protein is weakly charged at neutral pH values, as is demonstrated by pH titration (Figure 3) . Consequently reevaluation by isoelectric focusing of the published pl (5.6 in [6] ) using longer equilibration times led to a corrected value of 5.1 (Figure 2a) .
Study of the pH and temperature effects on MeUmb(Glc)3 hydrolysis, catalysed by EG III, reveals the involvement of an essential carboxy residue (pK. 5.5) in the active centre. As in hens'-egg white lysozyme Glu-35, this group must be protonated and assists in general acid-catalysed departure of the aglycone moiety of the substrate [31] . Although no definite proof has been obtained, this catalytic residue should be identified with Glu-218 present in the conserved Gln-Glu-Pro triad sequence found in almost every cellulase from family A. Site-directed mutagenesis experiments with three members of this family have confirmed the essential role played by this conserved glutamate and in all cases it was recognized as a potential proton donor [32, 33] . Information about a putative basic group could not be found in this study since the enzyme was rapidly and irreversibly inactivated below pH 4.0. However, independent evidence resulting from affinity-labelling experiments [34] points to the involvement of a dissociated carboxy group corresponding to Asp-52 in hens'-egg white lysozyme [31] . Therefore a lysozymetype mechanism can be proposed for EG III. In contrast with lysozyme [35] and also with another endoglucanase (EG I) from T. reesei [ 1] , EG III does not catalyse transfer reactions to other sugars or its own substrates (selftransfer). On the other hand, simple aliphatic alcohols do act as acceptors of glycosyl residues. As this is characteristic of many glycosidases operating with retention of configuration in the reaction products [31] , one may wonder if this is also typical of all other cellulases from family A [8] . It has indeed recently been shown that EG III and several other members of this family operate by retaining configuration in the reaction products [36] , adding new evidence to the classification proposed earlier [8] .
Recent results from X-ray-diffraction analysis of crystallized cellulases from two other families (B and E) point to alternative reaction mechanisms: CBH II from T. reesei [37] and endoglucanase D [38] are inverting enzymes. In these enzymes also two active-site carboxy groups are operative and their roles must certainly be different from those present in the EG III active site. Thus no general cellulase mechanism can be advanced.
On the other hand, cellulases, as typical depolymerases, must have extended substrate-binding sites and this is consistently found in structures of both endo- [38] and exo- [37] cellulases. Although the non-carbohydrate aglycone of the chromogenic substrates may alter the subsite preferences of the saccharide moiety [39] , the present results could indicate a subsite arrangement in the EG III active centre and a tentative model is proposed (Figure 7 ). In the five-subsite structure (ABCDE), catalytic residues could be situated between C and D. In the case of MeUmb(Glc)3 the chromophore would complex in D, yielding the free phenol and cellotriose, or in E, resulting in the Dglucoside and cellobiose. Similar binding modes could explain the nature of the other reaction products formed. Partition experiments (water or methanol as acceptors) point to the fact that glycosylation is the rate-limiting step in these reactions, although with CNP(Glc)3 deglycosylation becomes rate-limiting probably due to the presence of the activated phenolic group. This situation is similar to that encountered with, for example, Escherichia coli 8-galactosidase [27] .
In conclusion, the use of cello-oligosaccharides and their chromophoric and non-chromophoric fi-glycosides as substrates of EG III from T. reesei allowed a detailed description of its specificity, and partition experiments and a pH study led to the proposal ofa reaction mechanism. The enzyme probably contains an extended substrate-binding site and exhibits a doubledisplacement mechanism, distinguishing it from some other endocellulases and cellobiohydrolases.
(ES), 1 This minimal mechanism is sufficient to explain the experimental data reported in this paper, but the nature of the proposed intermediates is unknown, and the possible existence of more steps is not discarded. If glycosylation is the rate-limiting step (k+3, > k+23), it may be shown, by applying the steady-state approximation to the concentration of (ES), and (ES) 2 
